Introduction
Rock-fluid interactions along seismogenic faults are significant issues, because they are strongly related to seismogenic mechanisms and also to modifications of the seismogenic fault itself. Various mechanisms for seismogenesis have been proposed, such as frictional melting (Sibson, 1975; Spray, 1992) , thermal pressurization (Mase and Smith, 1987; Melosh, 1979; O'Hara et al., 2006; Sibson, 1977; Wibberley and Shimamoto, 2005) , acoustic fluidization (Melosh, 1979; Otsuki et al., 2003) , elastohydrodynamic lubrication (Brodsky and Kanamori, 2001) , and silica gel lubrication (Di Toro et al., 2006) . Some of these are related to frictional heating. Heating signatures from natural faults have been well-studied on the basis of the remaining grains in pseudotachylyte along faults (Ikesawa et al., 2003; Ujiie et al., 2007) , the vitrinite reflectance anomaly (O'Hara et al., 2006) , borehole logging (Kano et al., 2006; Mishima et al., 2006; Tanaka et al., 2006) , the thermal decomposition of paramagnetic minerals (Mishima et al., 2006) , and the distribution of minor elements (Ishikawa et al., 2008) . In addition to the thermal effects, some of the seismogenic mechanisms are also strongly related to rock-fluid interactions. Studies focusing on rockfluid interactions along fossil seismogenic faults have been conducted at some major fault zones. These include the Nojima fault in Japan (an intra-crustal seismogenic fault), where bulk rock chemistry analysis was used , the Chi-Chi fault in Taiwan (an active subduction plate boundary fault), which was studied on the basis of its clay characteristics (Hashimoto et al., 2008; Hashimoto et al., 2007) , fossil faults such as the Mugi mélange, in the Shimanto Belt, Japan, again using bulk rock chemistry (Hashimoto et al., 2009) , and an out of sequence thrust in the Shimanto Belt, Japan, using minor element distributions (Honda et al., 2011; Yamaguchi et al., 2011) . In this study, we focused on clay minerals within the fossil seismogenic fault along the subduction interface, in order to understand rock-fluid interactions at the fault. Clay minerals are commonly produced along faults, possibly by alteration of fine-grained abraded host rock materials due to rock-fluid interaction. The characteristics of clay minerals along seismogenic faults, in comparison with those of host rocks, provide clues www.intechopen.com Earthquake Research and Analysis -Seismology, Seismotectonic and Earthquake Geology 254 to help understand rock-fluid interactions at the time of seismogenesis or related phenomena. The studied fault is a fossil seismogenic fault along a subduction interface, in the Okitsu melange, the Cretaceous Shimanto Belt, SW Japan. The Shimanto Belt is the most studied on-land accretionary complex in the world, with lithology, age, thermal structure, and deformation structures available. These studies have revealed that the Shimanto Belt includes a deformation along its subduction interface from underthrusting to underplating, and that the Shimanto Belt is experienced at the seismogenic depth on the basis of the thermal model for seismogenic zones (Hyndman and Wang, 1993; Oleskevich et al., 1999) . At the northernmost boundary fault of the Okitsu melange, the first pseudotachylyte within the sedimentary rocks was reported (Ikesawa et al., 2003) , indicating that the fault was formed by melt lubrication along the subduction interface. We conducted an X-ray diffraction (XRD) analysis on the host and fault rocks along the fossil seismogenic fault, and examined mineralogy, iron and magnesium substitution in chlorite, illite crystallinity, and semi-quantification of illite and chlorite to determine the clay characteristics for seismogenic fault rocks, in comparison with those of the host rocks. Finally, characteristic rock-fluid interactions in seismogenic faults, due to melt lubrication along the subduction interface, are discussed.
Geological setting of Okitsu melange and the northern boundary fault zone with pseudotachylytes
The Shimanto Belt is an ancient accretionary complex exposed on land from the Kanto region to the Okinawa islands, Japan, almost parallel to the Nankai Trough (Fig. 1) . The Shimanto Belt is divided into two units on the basis of age, the northern Cretaceous Unit and the southern Tertiary Unit (Taira et al., 1988) (Fig. 1A) . On Shikoku Island, the 4 th largest island in Japan, the Shimanto Belt is bounded by the Butsuzo Tectonic Line from the Chichibu Belt, a Jurassic accretionary complex (Fig. 1B) , and is further classified by its lithology as a melange unit and a coherent unit (Taira et al., 1988) (Fig. 1B) . A melange unit is composed of chaotic rocks representing blocks in matrix textures. Most of the melange in the Shimanto Belt is tectonic in origin (e.g., Kimura and Mukai, 1991; Onishi and Kimura, 1995; Hashimoto and Kimura, 1999) . A coherent unit is composed mainly of an alternation of sandstone and mudstone with weaker deformations (Taira et al.1988) . The study area is in the Okitsu mélange, Shikoku Island, SW Japan. The Okitsu melange is located at the southern end of the Cretaceous Unit (Fig. 1) . The main lithology of the Okitsu melange is sandstone and black shale showing tectonic melange textures, minor basalts, cherts, red shale, and tuff. Foliations are well developed within the shale matrices. The mélange foliations strike ENE-WSW and dip steeply to the north. The radiolarian age of the Okitsu melange is Cenomanian to Turonian from cherts, and Santonian to Campanian from black shale (Taira et al., 1988) . The paleo-maximum temperature of the mélange is about 270 (± 30)°C, based on vitrinite reflectance (Sakaguchi, 1999) . The northern boundary fault bounds the Okitsu mélange from Nonokawa formation, a coherent unit in the north (Fig. 1B) . The fault zone is about 5-10 m wide (Fig. 2) , and mainly develops within the Okitsu melange. Basalt blocks, and black shale matrices mixed with tuffaceous shale in some parts, are included within the fault zone, which strikes ENE-WSW, almost parallel to the melange foliations (Fig. 2) . Cataclasites of 2-3 m in thickness are well observed along the fault zone (Fig. 2) . The cataclasites include pseudotachylyte, as reported by Ikewasa et al. (2003) . They estimated a temperature rise for the fault of at least 450°C, based on the mineral assemblage of the pseudotachylyte.
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We focused on two kinds of fault rocks. One is the tectonic melange, as the host rock, and the other is the cataclasites containing pseudotachylyte, as fossil seismogenic fault rocks. The latter type are developped within the host rocks of the tectonic melanges, and thus a comparison of clay minerals in the host rocks and the cataclasites provides the characteristic modification of clay minerals along seismogenic faults.
Occurrence of tectonic mélange and Cataclasites with pseudotachylyte
The occurrence of tectonic melanges and cataclasites with pseudotachylyte in outcrop scale is represented in Fig. 3 . Foliations are well developed in the shale matrices, representing composite planar fabrics, with the interval between foliations on the scale of mm. Micro-faults, with a thickness of less than 1 cm and a displacement of less than 1 m, can also be observed cutting into the melange fabrics in outcrop scale (Figs. 3A and B) . Most of the micro-faults are accompanied by quartz and calcite veins. Some mineral veins in the study area are ankerite (Fe-Mg carbonate). The relationship between the micro-faults and cataclasites containing pseudotachylyte is unknown. The cataclasites with pseudotachylyte are composed of relatively small grains (less than a few cm diameter) of quartz and calcite surrounded by black material (Figs. 3C and D) . These blocks also have an asymmetric shape, and the long axis of the blocks is aligned in the same direction as the melange fabrics (Figs. 3C and D) . In some parts, very thin (less than 1 mm), continuous faults are observed within the cataclasites, although these thin faults are obscure (Fig. 3D) . At the microscopic scale, the occurrence of tectonic melanges and cataclasites with pseudotachylyte is also distinctive.
Microscopic occurrence of tectonic melanges is characterized by a weak pressure solution cleavage within shale matrices (Fig. 4) . The pressure solution cleavages develop along melange foliations, also representing composite planar fabrics. In coarser grained areas, pressure solution cleavages are weakly observed, showing anastomosed networks of pressure solution cleavages (Figs. 4C and D) . In cataclasites with pseudotachylyte, highly fractured grains surrounded by shale matrices are observed (Figs. 5A and B) . The grains are composed mainly of quartz aggregates, with grain size ranging from tens of µm to a few mm. The shale matrices represent highly deformed fabrics with lighter and darker brownish materials (Figs. 5A and B) . Very thin and sharp faults are recognized within the shale matrices of the cataclasites (Fig. 5A and B) . The shape of grains is embayed (Fig. 5B) , and injection veins from the main shear surface can also be seen (Figs. 5C and D) . Along the main shear surface, highly fractured cataclasites are observed. The boundary between host rocks and cataclasites shows embayed texture. 
Method
We analyzed the clay and other minerals using an X-ray diffractometer (MultiFlex, RIGAKU) for randomly oriented and oriented samples. Randomly oriented samples were analyzed for bulk rock samples. The oriented samples were prepared using <1.4 µm grains as clay size fraction. Oriented samples were further analyzed using an ethylenglicoled treatment. The XRD analysis was conducted under the following conditions: 45 kV, 40 mA of Cu kα radiation, step size of 0.01°, and a 2θ range of 2-35°. From the XRD charts obtained, we examined bulk and clay mineralogy, iron and magnesium substitution in chlorite, and illite crystallinity, and performed a semiquantification of illite and chlorite in the samples. The peak intensities were obtained using MacDiff 4.2.5. Twenty samples each of tectonic melanges and cataclasites were analyzed. Illite crystallinity is expressed by a width of the illite 001 peak at half of the peak height above the background for an oriented, < 2 µm fraction of sample (Kubler, 1969) . The width is controlled by X-ray-scattering-domain size and percentage of expandable layers (Srodon and Eberl, 1984; Eberl and Velde, 1989) . A smaller scattering domain and/or more expandable layers would lead to a wider peak. The chlorite in the study is Fe-Mg chlorite from both the host melanges and cataclasites with pseudotachylyte, based on the bulk rock analysis. Chlorite is composed of silicate and hydroxide layers, both layers having three sites for positive ions. The substitution of iron and magnesium in the chlorite layers was estimated from the XRD charts, following the method of Moore and Reynolds (1989) . I(003)/I(005) gives the symmetry of the Fe distribution (the D value in Moore and Reynolds (1989) ) and [I(002) + I(004)]/I(003)′ gives the total number of Fe atoms in six octahedral sites (the Y value in Moore and Reynolds (1989) ). I(003)′ is calculated from the following equation (Brown and Brindley, 1980 
Reference frame in the configuration described above for the number of iron and magnesium from 0 to 3 at intervals of 0.5 in the silicate and hydroxide layers (the total number of patterns is 49), respectively, were calculated by NEWMOD (Reynolds Jr, 1985) . The results of the NEWMOD calculations in the I(003)/I(005) vs. [I(002) + I(004)]/I(003)′ space are shown in Fig. 7 as dotted lines.
For the semi-quantitative analysis of illite and chlorite, we used the Mineral Intensity Factor (MIF) method (Moore and Reynolds, 1989) . To obtain the MIF value, we computed the mineral reference intensities for illite and chlorite also using the NEWMOD (Moore and Reynolds, 1989) . As the MIF value for chlorite depends on its composition, we used the result from the examination of iron-magnesium substitution in chlorite described above. We used an illite composition of 0.1 Fe and 0.75 K as a reference mineral. Values of µ* = 14 and sigma* = 25 were used in the NEWMOD calculations, as suggested by Moore and Reynolds (1989) .
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Results
In this section, we describe the results of our analysis for clay and other mineralogy, iron and magnesium substitution in chlorite, illite crystallinity, and the semi-quantification of illite and chlorite.
Clay and other mineralogy
All samples, from both the host melanges and the cataclasites, included quartz, anorthite, illite, and chlorite (Tables 1 and 2) , and some of the samples also contained calcite. Ankerite (Fe-Mg carbonates) were found in a number of samples from cataclasites with pseudotachylyte (Tables 1 and 2 ). On the basis of the bulk powder analysis for XRD, the chlorite are Fe-Mg chlorite. The results from samples analyzed by ethylenglicoled treatment suggest that smectite is not present in any sample (Fig. 6) . Fig. 6 . Examples of XRD charts for oriented samples of cataclasites with pseudotachylyte.
Iron and magnesium substitution in chlorite
Iron and magnesium substitution in chlorite is shown in Fig. 7 . The x-axis indicates I(003)/I(005), related to the D value, and the y-axis indicates [I(002) + I(004)]/I(003)′, related to the Y value. In this parameter space, the amount of iron in the hydroxide and silicate layers is shown by dotted lines. For host tectonic melanges, the iron content in both hydroxide and silicate layers is relatively higher than that in the cataclasite samples. The iron content in the host tectonic melanges is distributed over a wide area (Fig. 7) . In contrast, these plots show that the iron in cataclasites with pseudotachylyte is concentrated in a smaller area around smaller iron content of both the hydroxide and silicate layers.
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lllite crystallinity
The illite crystallinity of the tectonic mélange and cataclasites samples is shown in Fig. 8 . The host melange samples have an illite crystallinity ranging from about 0.3 to 0.46, with an average value of about 0.4. Illite crystallinity in the cataclasites with pseudotachylyte varies from 0.41 to 0.58, averaging around 0.46. The larger values of crystallinity suggest that the illite in cataclasites is less crystallized than in the host melanges.
Semi-quantification between illite and chlorite
The semi-quantification of illite and chlorite was conducted using the MIF method, as described above. The results are shown in Fig. 8 . The illite ratio to chlorite for host rocks ranges from about 20 wt% to about 70 wt%, with an average value of 46 wt%. The same ratio in cataclasites with pseudotachylyte varies from 40 wt% to 90 wt%, with an average of 65 wt% (Fig. 8) . The illite to chlorite ratio is larger in cataclasites than the host melanges, suggesting that the amount of illite increases in cataclasites if the amount of chlorite is constant, or the amount of chlorite decreases relative to the amount of illite. 
Discussions

Iron consumption in chlorite in cataclasites with pseudotachylyte
In chlorite from cataclasites with pseudotachylyte, the iron content is decreased in both the hydroxide and silicate layers, compared with host melanges, as described above (Fig. 7) . The same trend has been reported in the Taiwan Chelung-pu fault (Hashimoto et al., 2007; Hashimoto et al., 2008) ; however, the initial state of the host rocks in Taiwan is different from those studied here. Although host rock samples from Chelung-pu fault displayed greater iron content than the Okitsu samples, fault rocks from both areas showed a decreased level of iron in their chlorite. The decrease of iron in chlorite from fault rocks can be controlled by the temperature of the source fluid (Ohta and Yajima, 1988) , the pH of the fluid (Malmstrom et al., 1996; Ross, 1969) , or lithology (host rocks), as discussed in Hashimoto et al. (2008) . Because the same trend of a decrease of iron levels in fault rocks was observed from different host rocks, lithology control is less significant. Ohta and Yajima (1988) reported that higher temperature is related to higher iron content in chlorite in hydrothermal environments, which is the opposite trend to that observed in our analysis, as fault rocks are expected to experience higher temperatures due to frictional heating. Therefore, temperature rise cannot explain the decrease in iron from chlorite in fault rocks. The pH of the source fluid is thus the most likely cause of the decreased iron content in chlorite from fault rocks. The change in pH of the fluid can be caused by radical reactions; that is, the reactions between water and newly created surfaces of minerals due to the breakage of mineral grains. Laboratory experiments on radical reactions showed that the pH of a fluid could be decreased or increased by the breakage of quartz, feldspar, and micas (Kameda et al., 2003; Saruwatari et al., 2004) . The change in pH of fluid depends on a complex series of interactions with the broken minerals, and is thus difficult to understand quantitatively outside the laboratory. The decrease of iron content in ultracataclasites with pseudotachylyte has also been observed in isocon diagrams from a bulk chemical analysis at another fault zone (the Mugi melange, Cretaceous Shimanto Belt, Shikoku, SW Japan; see Hashimoto et al., 2009 ). This suggests that the characteristic pH of the source fluid can be related to iron consumption from host rocks. The consumed iron from host rocks is observed within minerals precipitated from related fluid. Ankerite veins (Fe-Mg carbonates) are concentrated in seismogenic faults, such as the Okitsu fault described in this study.
Higher illite crystallinity and illite content in cataclasites with pseudotachylyte
The illite crystallinity of cataclasites with pseudotachylyte had a higher value than that of h o s t m e l a n g e s . I l l i t e c r y s t a l l i n i t y i s c o m m o n l y u s e d a s a n i n d e x o f p a l e o -m a x i m u m Temperature (e.g., Guithrie et al., 1986; Awan and Kimura, 1996) , with higher illite crystallinity indicating a lower paleo-maximum temperature. The cataclasites with pseudotachylyte are expected to have been subjected to a higher paleo-maximum temperature than the host rocks, due to frictional heating. Ikesawa et al. (2003) estimated the minimum temperature from frictional heating to be about 450°C on the basis of the composition of pseudotachylytes. Therefore, the higher illite crystallinity in cataclasites cannot be interpreted by the paleo-maximum temperature. Theoretically, illite crystallinity is controlled by X-ray-scattering-domain size and percentage of expandable layers (Srodon and Eberl, 1984; Eberl and Velde, 1989) . As the illite in this study did not include expandable layers within it, the effect of the percentage of expandable layers on the crystallinity is negligible. A wider peak (higher illite crystallinity) indicates a smaller scattering domain. Therefore, the higher value of illite crystallinity for cataclasites with pseudotachylyte indicates that the particle size of illite is smaller than that of host melanges. Possible mechanisms for making smaller illite particles include comminution during cataclastic deformation, and a smaller size of authigenic illite formation related to pseudotachylyte formation. The semi-quantitative analysis to examine the ratio of illite and chlorite indicates that the proportion of illite increases in cataclasites with pseudotachylyte, compared with that in host mélanges. This result suggests either an increase of illite or a decrease of chlorite in cataclasites. The chemical analysis and mineralogical observations of pseudotachylyte in sedimentary rocks indicates that the melt mainly originates from clay minerals, and quartz and feldspar grains that are resistant to melting . This resistance is due to differences in melting temperatures between clay and other minerals in sedimentary rocks.
As it might be difficult to melt chlorite selectively, the increase in the illite ratio might be related to the authigenic illite through pseudotachylyte formation. Smectite concentrations have been reported from the seismogenic fault zone in the Chelungpu fault, Taiwan (Kuo et al., 2009) . It was found that the smectite in the fault zone does not include an illite-smectite mixed layer, and this was interpreted as meaning that the smectite can be formed by alteration of glass (pseudotachylyte) (Kuo et al., 2009 ). The Chi-Chi earthquake occurred in 1999, and the Taiwan Chelung-pu fault Drilling Project (TCDP) was conducted in 2004. Within that 5-year interval, the alteration of glass to form smectite could have been progressed. Such alteration to form smectite from glass matrices in pseudotachylyte is also expected in the Okitsu examples. The formation of smectite might also be a significant rock-fluid interaction along a seismogenic fault. The authigenic smectite is transformed to illite due to diagenetic processes. Smectite-illite transition proceeds with temperature, and the illitization is almost complete at 150°C (Moore and Vrolijk, 1992) . Therefore, the smectite from pseudotachylyte glass could be transformed to illite. The illitization from authigenic smectite can also be related to a smaller size of illite, as identified by the larger value of illite crystallinity in cataclasites with pseudotachylyte. The linear relationship between the illite to chlorite ratio and illite crystallinity can be seen in Fig. 8 , indicating that a larger illite ratio is associated with a smaller illite grain size. The relationship might also be explained by the illitization of authigenic smectite. During illitization, the interlayer of smectite is dewatered. The water should migrate to the fault zone after a few years of seismogenesis. Frictional behaviors of smectites and illites have been reported from laboratory experiments in a sliding velocity range from 0.1 to 200 µm (Saffer and Marone, 2003) . While smectite indicates velocity weakening at low normal stress, illite represents only velocity strengthening behavior in the wide range of experiments. The velocity strengthening behavior in illite is not supported by the hypothesis that the smectite-illite transition is related to seismogenesis at the seismic front, as suggested by Hyndman et al (1999) . Rather, illitization makes faults aseismic (Saffer and Marone, 2003) . The illite concentration in cataclasites with pseudotachylyte in this study suggests that the rock-fluid interactions along a seismogenic fault, such as smectite formation from the glass of pseudotachylyte, and illitization from the authigenic smectite, are processes that modify the fault to an aseismic fault.
Conclusion
The iron content in chlorite in cataclasites with pseudotachylyte is smaller than that of tectonic melanges (host rocks), as observed in other seismogenic fault rocks. The decrease of iron in chlorite suggests that a specific pH fluid reacted with fault rocks due to radical reactions. Illite crystallinity in cataclasites is higher than in host rocks. In addition, the relative amount of illite is increased in cataclasites compared with host rocks. These results imply that the smectite altered from glass in pseudotachylyte transformed into illite along a seismogenic fault.
Acknowledgment
We thank Prof. Higashi, M. for the help in XRD analysis. We also appreciate Dr. Kameda, J. for his constructive discussions.
References
Awan, M. A. & Kimura, K. (1996) . This book is devoted to different aspects of earthquake research. Depending on their magnitude and the placement of the hypocenter, earthquakes have the potential to be very destructive. Given that they can cause significant losses and deaths, it is really important to understand the process and the physics of this phenomenon. This book does not focus on a unique problem in earthquake processes, but spans studies on historical earthquakes and seismology in different tectonic environments, to more applied studies on earthquake geology.
How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:
Yoshitaka Hashimoto and Umihiko Kaji (2012). Rock-Fluid Interaction Along Seismogenic Faults Infered from Clay Minerals in Okitsu Mélange, the Cretaceous Shimanto Belt, SW Japan, Earthquake Research and Analysis -Seismology, Seismotectonic and Earthquake Geology, Dr Sebastiano D'Amico (Ed.), ISBN: 978-953-307-991-2, InTech, Available from: http://www.intechopen.com/books/earthquake-research-and-analysisseismology-seismotectonic-and-earthquake-geology/rock-fluid-interaction-along-seismogenic-faults-inferredfrom-clay-minerals
